I. INTRODUCTION
Thermocapillary flow is the fluid motion driven by the temperature-induced surface tension gradient. As the flow stability is crucial in many applications, such as crystal growth 1 and fusion welding, 2 the instability of thermocapillary flow has been studied over the years. The theoretical and experimental studies have been reviewed by Davis 3 and Schatz and Neitzel. 4 The thermocapillary flows of polymer liquids appear in many practical applications, such as film coating, 5, 6 drying of polymer solution, [7] [8] [9] deliberate patterning of polymer, 10 lithography, 11, 12 inkjet printing, 13 and polymer processing in microgravity. 14 It is worth noting that the rheological property of polymer liquids varies considerably from Newtonian fluid. The shear thinning combined with elastic effects is produced in the polymer processing, which have great impacts on the flow. The effect of viscoelasticity on the stability of thermocapillary liquid layers has been investigated in some previous studies, [15] [16] [17] which show that the instability can be markedly affected by elasticity.
A few papers have been devoted to the study of thermocapillary flows for shear-thinning fluid. The Marangoni convection in a shallow rectangular cavity of a power-law fluid has been investigated by Naimi, Hasnaoui, and Platten 18 and Alloui and Vasseur. 19 The shear-thinning effect on the fluid flow, temperature field, and heat transfer is discussed. Chen 20 has examined the influence of Marangoni convection for a power-law liquid film on an unsteady stretching sheet. The effect of thermocapillary force for the velocity and a) Email: hjhhkx@126.com temperature is demonstrated for several power-law indexes. However, the shear-thinning effect for the stability of thermocapillary flow has not been discussed thoroughly in previous studies.
The viscosity often varies in space in shear-thinning fluid flows. There are two ways in which the viscosity variation can affect the flow stability. The first is viscosity stratification. 21 The instabilities in viscosity-stratified flow have been reviewed by Govindarajan and Sahu. 22 The second is the viscosity disturbance, which yields an anisotropic disturbance stress tensor. 23 Liu and Liu 24 have examined the non-modal instability in plane Couette flow of a power-law fluid, which has no viscosity stratification. The results show that the shearthinning significantly increases the amplitude of response to external excitations and initial conditions. In common cases, there are both stratification and disturbance for the viscosity. The stability of shear-thinning fluids in channel flow has been examined by Nouar, Bottaro, and Brancher. 23 The viscosity disturbance is accounted. The results show that viscous stratification can stabilize the flow when an appropriate viscosity scale is employed in the definition of the Reynolds number. Nouar and Frigaard 25 have studied the stability of plane Couette-Poiseuille flow of shear-thinning fluid, which indicates that the effect of the shear thinning leads to a decrease in the phase velocity of the traveling waves and an increase in stability. Thus, one would expect that the shear-thinning effect may have a great impact on the stability of thermocapillary flow.
In the present work, the instability of thermocapillary convection for a shear-thinning fluid is investigated by threedimensional linear stability analysis. The model of thermocapillary liquid layer is considered, while the Carreau fluid is applied to model the polymer liquid. The flows with and without viscosity stratification are discussed, and the effect of gravity is demonstrated.
The paper is organized as follows. In Sec. II, the physical models and mathematical formulation are presented. The property of basic flow is discussed and the governing equations are derived. Then in Sec. III, numerical results for linear flow, return flow, and the flow under gravity are obtained, respectively. The perturbation flow field is displayed and the energy mechanism is studied. After that, the instability mechanism is discussed in Sec. IV. Finally, we summarize the results and present the conclusions in Sec. V.
II. PROBLEM FORMULATION
We use the model of thermocapillary liquid layer proposed by Smith and Davis, 26 where a fluid layer is above an infinite rigid plane and a temperature gradient is imposed on its free surface (see Fig. 1 ). The convection is driven by the thermocapillary force while the surface tension is large enough to keep the surface flat. x, y, and z are the streamwise, spanwise, and wall-normal direction, respectively. This model has been widely adopted in the theoretical study of thermocapillary convection and has proven capable of predicting the oblique hydrothermal waves observed in the experiment 27 and numerical simulation. 28 The linear flow and return flow are considered, which will be introduced later. The magnitude of the surface deformation can be measured by the capillary number, 26, 27 Ca =μ 0Û0 /σ, whereμ 0 ,Û 0 , andσ are the characteristic viscosity, velocity, and surface tension, respectively. In some practical applications, such as liquid silicon 26 and silicone oil, 27 O(Ca) ≈ 10 3 <<1. So the assumption of a non-deformable free surface is satisfied.
A. Governing equations
We choose the Carreau fluid model to describe the behavior of the shear-thinning fluid, as this model can be obtained from Lodge's molecular network theory 29 and is sufficient to fit a wide variety of polymer liquids in the experiment. 30 Its constitutive equation is
where τ is the stress tensor,γ is the strain-rate tensor with the formγ = ∇u + u∇, u is the velocity,μ is the viscosity that depends on the magnitude of the strain-rate tensorγ =
Here,μ 0 andμ ∞ are the viscosities at zero and infinite shear rate (μ 0 ≥μ ∞ ), respectively, the power-law index n represents the degree of shear-thinning (n ≤ 1), andλ is the material time constant. It can be seen that the extent of shearthinning always increases with the increasing ofλ or decreasing of n, and the Carreau fluid recovers Newtonian fluid when n = 1. The characteristic viscosity is chosen asμ 0 , which is similar as that in Ref. 23 . The dimensionless parameters are defined as follows: R is the Reynolds number R = ρÛ 0 d/μ 0 , where ρ is the fluid density,Û 0 is the characteristic velocity with the expressionÛ 0 = bγd/μ 0 . Here, b is the temperature gradient on the surface and γ is the negative rate of change of surface tension with temperature. Ma is the Marangoni number defined as Ma = bγd 2 / (μ 0 χ), where χ is the thermal diffusivity. Ma and R have the relation Ma = R · Pr, where Pr is the Prandtl number Pr =μ 0 / (ρ χ). In the presence of gravity, Boussinesq approximation is used. The fluid density is associated with the temperature ρ = ρ 0 1 − a T −T 0 , where a is the thermal expansion coefficient,T andT 0 are the temperature of fluid and the reference temperature, respectively. The gravity effect is measured by the dynamic Bond number Bo = ρgad 2 /γ and g is the gravitational acceleration.
Then, the dimensionless expression of viscosity µ has the form
3)
In the following, we restrict our attention to the case µ ∞ = 0.01. The dimensionless governing equations are given below, which are the continuity equation, the momentum equation, and the energy equation, respectively.
Here p and T stand for the pressure and temperature, respectively. The viscous dissipation of fluid is ignored in (2.6). The boundary conditions are set in the following:
7) Here, there is no slip and zero heat flux on the rigid plane. On the free surface, the stress on the surface is caused by the thermocapillary effect. T ∞ is the temperature of the bounding gas far from the surface. Bi is the Biot number. As it always makes the flow more stable, 26 for simplicity, we set it as zero. Q is the imposed heat flux to the environment, which can be determined by the form of basic flow. 26 We assume that the basic flow is parallel while its temperature is linear in x as imposed plus a distribution in z as following:
Two kinds of flows are investigated. The first kind is the linear flow whose velocity is linear in z. The solution has the form as following. It is easy to find that this flow can only exist when Bo = 0.
The second kind is the return flow, which has zero mass flux in the vertical section,
The analytical solution of return flow cannot be obtained for the Carreau model. However, it can be derived numerically. The details for the derivation are described in the Appendix. The distributions of basic velocity and temperature for return flow are displayed in Fig. 2 . Here, U 0 is independent on Pr, as it can be derived from the distribution of shear stress in (A4). The latter can be obtained with the boundary condition τ 13 | z=1 = 1 and the return flow condition (2.11), which are both independent on Pr. However, the temperature of basic flow depends on Ma, which can be seen from (A5). It can be seen in Fig. 2 that the gradients of velocity and temperature in vertical direction always increase with the extent of shearthinning (increasing of λ or decreasing of n) and Bo.
B. Perturbation equations
An infinitesimal perturbation in the normal mode form is added to the basic flow,
The subscript 0 stands for the basic flow and hereafter, the variables without subscript 0 stand for the perturbation. σ = σ r + iσ i , where σ r and σ i are the growth rate and frequency, respectively. α and β are the wave number in the x and y directions, respectively. The wave number and the propagation angle are defined as k = α 2 + β 2 and φ = tan −1 ( β/α), respectively. Due to symmetry, we shall confine ourselves to the case of φ ∈ 0 • , 180
• . As the viscosity depends on the shear rate [see (2. 3)], the perturbation of strain-rateγ can lead to the viscosity perturbation µ . Thus, it can be inferred from (2.1) that the perturbation stress τ consists of two parts: the first is caused by the perturbation of strain-rateγ while the second is caused by the viscosity perturbation µ ,
whereγ 0 is the strain-rate of the basic flow. In this paper,
Substituting (2.12a) and (2.12b) into (2.3) and (2.13), the linearized relation between the perturbation of stress and strain-rate is obtained as follows: Here, (2.16) is deduced from (2.3). The two parts in the right side of (2.15) correspond to those in (2.13), respectively. When n = 1 (Carreau fluid degenerates to Newtonian fluid), the second part disappears [see (2.16)]. Then, (2.15) has the same form as that for Newtonian fluid, where the perturbation stress is proportional to the perturbation of strain-rate. When n < 1, due to the second part, the viscosity corresponds toγ 13 becomes
However, the viscosity for other components ofγ is µ. In Ref.
23, µ t is termed as the tangent viscosity, as it is the slope of tangent line for the curve of shear stress versus shear rate. It can be seen from (2.16) that µ t ≤ µ for a shear thinning fluid (n < 1).
The distributions of viscosity µ and tangent viscosity µ t for the return flow are displayed in Fig. 3 . Here, the distributions of viscosity µ and tangent viscosity µ t are independent of Ma and Pr, as both of them can be derived from the distribution of basic velocity U 0 [see (2.3) and (2.17)]. The latter is independent of Ma and Pr. It can be seen that both µ and µ t reach their minimum on the surface while the maximum appears whenγ 0 = 0. The maximum of µ is about 20 times larger than its minimum, while the corresponding value for µ t is about 40. The gravity does not change the values of µ and µ t at z = 1, which can be seen from (2.8) and (2.9) that
When n and λ are fixed, the value ofγ 0 , µ, and µ t can be obtained from the above equation. In contrast, the gravity decreases µ and µ t at z = 0. In the presence of gravity, the average of µ decreases from 0.378 (Bo = 0) to 0.270 (Bo = 3) in Fig. 3 , while the case for µ t is similar. This indicates that the extent of shear-thinning is enhanced by the gravity.
The boundary conditions of perturbation flow are determined as follows:
Substituting (2.13) into governing Eqs. (2.3)-(2.6), the linearized perturbation equations can be derived as follows: Then, the Chebyshev collocation method is used to solve the eigenvalue problem with the form of Wg = σZg, where W and Z are two matrices and g is the eigenvector. 31 The eigenvalues are obtained by using the QZ algorithm. We use more than 80 Chebyshev nodes to ensure the accuracy in the following. In order to validate our code, we solve the same problem of Newtonian fluid by setting n = 1 and compare the results with those in the previous work. The critical parameters of Newton fluid are listed in Table I , which agree with the results in Ref. 26 . Here, ψ = 180 • − φ and c = |σ i | /k is the wave speed.
III. NUMERICAL RESULTS
We compute the Marangoni number Ma N of the neutral modes (σ r = 0). Then the critical Marangoni number Ma c is obtained as follows:
A. Linear flow
For linear flow, the viscosity µ and tangent viscosity µ t are homogeneous in z. It is more convenient to use the viscosity in the flow instead ofμ 0 for the definition of the Marangoni number and Prandtl number. Thus we use the following numbers for linear flow:
We plot the variation of Ma ec with Pr e for linear flow at various values of n, λ in Fig. 4 . The preferred modes are oblique wave (φ 0 • , 90
• ), streamwise wave (φ = 0 • ), and spanwise stationary mode (φ = 90
• , σ i = 0) for small, moderate, and large Pr e , respectively. Comparing with Newtonian fluid (λ = 0 or n = 1), the shear-thinning effect leads to a decreasing of Ma ec at small and moderate Pr e while there is a little increasing of Ma ec at large Pr e . This leads to the variation of bifurcation points: the preferred mode changes from oblique wave to streamwise wave at almost the same Pr e , while the bifurcation points from streamwise wave to spanwise stationary mode is changed obviously by the effect of shearthinning.
When n = 0.3, we can find that Ma ec | λ=2 < Ma ec | λ=5 < Ma ec | λ=0 at small and moderate Pr e , which indicates that the effect of λ for the flow stability is not monotonous. Similar phenomenon can also be found for return flow in Sec. III B and the case of channel flow. 23 The reason is that when λ is larger enough, the Carreau model reduces to the power-law model: µ = (λγ) n−1 . Then, the shearing thinning effect only depends on n, while the value of λ can be normalized in the nondimensionalization. Therefore, the effect of shear-thinning on flow stability is more obvious at moderate λ.
The wave number and propagation angle corresponding to the modes in that of Newtonian fluid. In contrast, φ c decreases at n = 0.3 and the preferred mode changes from upstream to downstream. This difference is associated with the heat transfer. For the oblique wave of Newtonian fluid, the wave is close to spanwise. The key to the mechanism is the horizontal convection u ∂T 0 ∂x , which promotes an upstream wave. As n < 1, it can be seen from (2.16) and (2.17) that µ t ≤ µ (the equality holds where the shear rate of basic flowγ 0 = 0). Then, the amplitude of u increases, which leads to an increase in u ∂T 0 ∂x . This is the reason why the propagation angle of the upstream wave is closer to the streamwise direction for n = 0.7. However, for n = 0.3, the importance of heat convection induced by the basic flow U 0 ∂T ∂x rises as |φ c − 90
• | is no longer small. This term promotes a downstream wave, which is opposite to u ∂T 0 ∂x .
B. Return flow
For return flow, the shear rate is not homogeneous. So there is a viscosity stratification for shear-thinning fluid. Comparing the perturbation of Carreau fluid with that of Newtonian fluid, the amplitude of horizontal velocity is an order of magnitude larger than that of vertical velocity for both of them. However, the kinetic energy of perturbation for the former is more concentrated near the surface, which can be seen in Fig. 6 . This concentration attributes to the effect of shearthinning. Suppose a perturbation mode in Newtonian fluid is added in the Carreau fluid, then, as the shear-thinning effect makes the viscosity near the surface much smaller, there is less viscous dissipation for the perturbation near the surface. Thus, the kinetic energy of perturbation increases obviously in this region. The viscosity also decreases near the wall. Therefore, the energy growth by the shear-thinning effect is obvious near both the surface and the wall (see Fig. 6 ). However, the solid boundary suppresses the growth of perturbation energy, and the kinetic energy near the surface is much larger than that near the wall. Finally, the perturbation energy for Carreau fluid is more concentrated near the surface. Fig. 7] . Thus, the shear-thinning effect stabilizes the flow when the viscosity on the surface is applied. This agrees with the result of Ref. 23 for channel flow. However, as Pr w depends on the shear-rate, we will still use Pr in the following, which only depends on the property of the fluid.
In Fig. 8 , we plot the wave number and the wave propagation angle corresponding to the preferred mode of Carreau fluid in Fig. 7 . The wave number for oblique wave decreases with the extent of shear-thinning, while for streamwise wave, the variation is not monotonous. There are two main changes of the propagation angle in Carreau fluid: for large Pr, the preferred mode becomes the upstream streamwise wave, which has not been found in Newtonian fluid (Fig. 7) ; while for small Pr, the propagation angle increases [see Fig. 8(b) ]. For curve (c) in Fig. 8(b) , the propagation angle of the oblique wave can reach 180
• for a critical value of Pr. When Pr exceeds this value, the preferred mode changes from the oblique wave to the upstream streamwise wave [curve (b) in Fig. 7 ], whose propagation angle is φ c = 180
• . The cases for curve (i) and (k) in Fig. 8(b) are similar. Then we pay attention to the perturbation flow field of return flow. The streamlines and isothermals of preferred mode at Pr = 100, Pr = 0.1, and Pr = 10 are plotted in Figs. 9-11, respectively. Although the shear-thinning effect changes the critical parameters for small and large Prandtl numbers obviously, the perturbation flow fields of Carreau fluid at Pr = 100 and Pr = 0.1 are similar to those of Newtonian fluid. 32 The former (Fig. 9 ) has interior hot spots, which absorbs energy from the vertical convection and heats the interface by conduction. Then the temperature of the surface upon the hot spot increases and the wave propagates upstream. In contrast, the latter (Fig. 10) has vertical isothermals and the distribution of surface temperature is the same as that in the layer. The key to the instability mechanism is the inertially driven streamwise flow. 32 A new instability mechanism that differs from Newtonian fluid has been found for Pr = 10, where the amplitude of temperature is at the bottom (see Fig. 11 ). The hot spot at the bottom is heated by the horizontal convection, which includes U 0 order and sign. They are related to the velocity and temperature gradient of the basic flow, respectively. In contrast, the hot spot on the surface is induced by the heat conduction from the interior. Thus, the key to the instability mechanism is the hot spot at the bottom, which absorbs energy from the horizontal convection in the lower region of layer and drives the perturbation wave by conductively heating the interface.
The temperature distribution in Fig. 11 is caused by the combination of the convection in the lower region and the conduction near the surface. The hot spot at the bottom is heated by the horizontal convection in the lower region. This indicates that the convection is dominant there. In contrast, the surface above the hot spot is cooled by the convection as the signs of U 0 ∂T ∂x and u ∂T 0 ∂x are both opposite to those near the wall. If the convection is still dominant near the surface, this leads to a cold spot on the surface, which is just opposite to the case in Fig. 11 . Thus, the hot spot on the surface can only absorbs energy by the heat conduction from the interior. The combination of convection and conduction is associated with the stratification of the Prandtl number Pr e (z) = Pr·µ, which is defined in (3.1) and stands for the distribution of local Prandtl number in the flow. In Fig. 11 , Pr e ≈ 0.48 on the surface, so the conduction is more important for the heat transfer. However, Pr e ≈ 9 in the region z = 0.3, where the heat convection is dominant. The mechanism in Fig. 11 The stratification of local Prandtl number is made by the viscosity stratification in shear-thinning fluid. As the shearthinning effect makes viscosity stratification in return flow, Pr e is also stratified, which has a great impact on the heat transfer. Finally, we can observe that the stratification of Pr e in shearthinning fluid is crucial for the temperature distribution in Fig. 11 . This is the reason why it does not appear in previous studies for other fluids. 
C. Effect of gravity
We will study the effect of gravity in this section. The variation of Ma c with Pr for return flow is displayed in Fig. 12 at different gravity levels. Ma c increases with Bo at large Pr, while the situation is opposite at small Pr. The wave number and the wave propagation angle corresponding to the mode in Fig. 12 are displayed in Fig. 13 .
It is observed that more kinds of preferred modes are excited by gravity. There are two kinds of streamwise wave and oblique wave for both Bo = 3 and Bo = 6. For oblique waves in Fig. 13(b) , the first kind is downstream when Pr > 30, whose propagation angle decreases with Pr. The second is upstream. The variation of its propagation angle with Pr is not monotonous. The wave number and propagation angle of oblique wave are not sensitive to the change of Bo when Pr < 1, although the distributions of basic flow and viscosity have changed obviously. The variations of wave number with Pr are opposite for two kinds of streamwise waves [see Fig. 13(a) ]. However, both of them propagate downstream, which differs from the case without gravity. The perturbation flow field is plotted in Fig. 14 for return flow at Bo = 3. It shows that the streamlines near the hot spot are clockwise and almost coincide with the isothermals. In contrast, the corresponding streamlines are counterclockwise and staggered with the isothermals in the case without gravity (see Fig. 9 ).
The reason for the change of propagation direction can be explained as follows. In Fig. 14 
D. Energy analysis
Then we study the energy mechanism in this section. The rate of change for perturbation energy can be written as 17, 33 ∂E
where N is the work done by the perturbation stress, M is the work done by Marangoni forces on the surface, I is the interaction between the perturbation flow and the basic flow, G is the work done by gravity. It can be indicated from (2.15) that N > 0 for Carreau fluid. Thus, this term stands for the viscous dissipation. The perturbation energy can come only from the last three terms in (3.3) . It should be noted that there is a big difference between the energy mechanism of thermocapillary liquid layer and that of channel flow. For the former, M is a important energy source for perturbation, 34 while for the latter (solid boundaries), the perturbation energy can come only from I in the absence of gravity.
We define S as the work done by the perturbation stress τ 13 ,
The effect of shear-thinning and gravity for energy mechanism can be seen from Ri, Rs, Rg, which are the relative sizes of I, S, G to N,
In Table II , the terms in (3.5) of preferred modes are listed for return flow without gravity. It can be found that the shearthinning makes Rs increasing obviously for most of Pr. The change of Rs can be explained as follows. As µ t is smaller than µ, the amplitude ofγ 13 increases in Carreau fluid under the same shear force, which leads to the growth of viscous dissipation made byγ 13 .
The effect of shear-thinning also leads to the growth of Ri at large Pr. However, the change of Ri at small Pr is not apparent. It is known from previous studies that Ri becomes important at small Pr, while it is negligible at large Pr. 34 In shear-thinning fluid, as the viscosity is smaller thanμ 0 in most of the flow region, the effect value of Pr decreases, which leads to a rising of Ri. However, the increase of Ri stops when Pr is small.
The terms in (3.5) of preferred modes are plotted in Fig. 15 for return flow at Bo = 3. Rg is negligible at large Pr. Therefore, the effect of gravity is only changing the basic flow in this region. However, Rg can reach 12.5% at small Pr, which is important for the energy mechanism. When Pr > 50, Ri increases with Pr and finally changes from negative to positive, while it keeps positive when Pr < 30.
In Fig. 15 , the variations at large and small Pr are gentle. In contrast, there are severe changes when 50 ≥ Pr ≥ 10, and the preferred mode also changes two times in this region. This may due to the mechanism of heat transfer. The heat convection is more significant than the heat conduction for the temperature field at large Pr while the opposite appears at small Pr. The importance of convection and conduction are comparable at moderate Pr, which makes the instability mechanism more complicated and sensitive to Pr. 
IV. DISCUSSION
We will discuss the influence of shear-thinning effect on the instability mechanism and make comparison with channel flows in this section.
A. Linear flow
In the absence of viscosity stratification, the linear flow only yields an anisotropic disturbance stress tensor, which is the same as the property of plane Couette flow. However, the former is driven by the thermocapillary force on the surface while the latter is a shear flow between two plates. Thus, their stabilities are also different. Liu and Liu 24 have shown that the effect of shear-thinning is destabilizing for the plane Couette flow. In contrast, the situation for thermocapillary flow depends on the Prandtl number: the flow is destabilized by shear-thinning at small and moderate Pr e while the flow stability is increased slightly at large Pr e .
These can be explained by the property of preferred mode. Previous studies 26, 32 have shown that the horizontal and vertical convections are crucial for the instability mechanism of streamwise (moderate Pr e ) and oblique waves (small Pr e ), respectively. Both of these two convections are enhanced by the shear-thinning effect, as the amplitude of perturbation velocities in x and z directions are increased [see (2.15) , the viscosity corresponding toγ 13 becomes smaller in shear-thinning fluid]. Thus, the flow becomes more unstable. Meanwhile, the decreasing of the Marangoni number will increase the importance of heat conduction [see (2.6)], which dissipates the temperature perturbation. It can be balanced by the decreasing of wave number. So the wave number of the preferred mode decreases in Fig. 5(a) . This explanation also holds in Figs. 8(a) and 13(a) , where the wave number of the oblique wave is also decreased with the decreasing of critical Marangoni number by the shear-thinning effect.
For spanwise stationary mode (large Pr e ), µ t only affects u. Comparing with Newtonian fluid, the viscous resistance in streamwise direction is reduced at the same Marangoni number. As a result, the amplitude of u increases. The computation shows that the streamwise velocity u < 0 when underneath the hot spot on the surface, which produces a convective cooling. So the effect of µ t makes the flow more stable. However, the increasing of critical Marangoni number is very slight. The reason is that the vertical convection is dominant for the temperature field, and the change in horizontal convection does not have a serious impact. The increasing of convective cooling by the shear-thinning effect can be balanced by the increase in vertical convection. The latter can be achieved for a higher wave number, which leads to an increase in the vertical velocity [see (2.20) ]. So we can find that the wave number of spanwise stationary mode is increased in Fig. 5(a) .
B. Return flow
The shear-thinning effect makes the viscosity stratified in return flow, which is similar to the case of plane Poiseuille flow. However, the former has a free boundary on the surface while the latter has two solid boundaries. The perturbation energy of them mainly comes from the thermocapillary force and basic flow, respectively. Therefore, the instability of the return flow is closely related to the surface and temperature field, which differs from the channel flow.
Nouar et al. 23 have stated that the shear-thinning effect stabilizes the plane Poiseuille flow when an appropriate viscosity (the wall tangent viscosity and the effective viscosity at the wall) is used in the definition of the Reynolds number. In the present work, it is found that the flow becomes more stable in shear-thinning fluid when the viscosity on the surface is used, which agrees with the result of Nouar et al. 23 It can be explained from the energy mechanism. For the liquid layer, I is not the main energy source, and there is an approximate balance between N and M for the neutral mode, 1
Due to the viscosity stratification, the viscosity in the interior is larger than that on the surface. Thus, the left side of (4.1) increases in shear-thinning fluid, and the flow becomes more stable. For Newtonian fluid, the preferred mode is oblique wave at all Prandtl numbers. 26 However, for Carreau fluid, the preferred mode becomes the upstream streamwise wave at large Prandtl number, and the propagation angle increases at small Prandtl number. The shear-thinning effect increases the horizontal convection u ∂T 0 ∂x , which promotes an upstream wave. As a result, the propagation direction becomes closer to the negative x-axis.
The viscosity stratification also excites a new instability mechanism of return flow. Due to the viscosity stratification, the relative size of viscosity to thermal diffusivity varies significantly in the vertical direction at moderate Prandtl number, which is crucial for the heat transfer. Thus, one would expect that the temperature field of Newtonian fluid and Carreau fluid may be very different in this region. This is confirmed in Fig. 11 where the hot spots appear at the bottom for Carreau fluid. The mechanism is a combination of horizontal convection in the lower region of the layer and heat conduction near the surface. In contrast, the hot spots are in the middle of the layer at moderate Prandtl number for Newtonian fluid.
C. Effect of gravity
The flow stability can be affected by gravity in two ways. The first is the change in basic flow. We can observe in Fig. 2 that the extent of shear thinning is enhanced by gravity. However, the values of µ and µ t at z = 1 keep the same at different gravity level (see Fig. 3 ). The second is the work done by gravity for the perturbation energy.
More kinds of preferred modes are excited by gravity. When Pr is very large, Ma c increases with Bo significantly, which leads to the remarkable growth for the gravity and thermocapillary forces together. These two forces are coupled and excite new modes. For moderate Prandtl number, the change for the relative size of viscosity to thermal diffusivity in the vertical direction is enhanced by gravity, which has a great impact on the heat transfer. So the opportunity for the change of preferred mode also increases.
For large Pr, the work done by gravity is negligible while the perturbation flow field changes significantly. In the presence of gravity, the preferred mode changes from upstream to downstream while the streamlines near the hot spot changes from counterclockwise to clockwise, which are both related to the increasing of U 0 on the surface. In contrast, for small Pr, the gravity becomes an important perturbation energy source while the change in the perturbation field is not apparent. The reason can be explained as follows. The expression of G in (3.3) indicates that the work done by gravity is associated with perturbation velocity in the vertical direction. For large Pr, most of the perturbation energy is concentrated in a thin layer near the surface, where the vertical velocity of perturbation is very small. So G is negligible. Instead, the concentration at small Pr is less than the former, and G is important for the perturbation. The shape of perturbation field highly depends on the heat transfer. It can be seen from (2.23) that the change of U 0 by gravity can lead to a increasing of horizontal convection U 0 ∂T ∂x . The perturbation flow field changes significantly at large Pr as the convection is crucial for the heat transfer. However, it has little effect at small Pr and the change of perturbation field by gravity is not obvious.
V. CONCLUSION
The linear stability analysis is carried out for the thermocapillary liquid layers of Carreau fluid. The parameters of preferred mode are obtained for linear flow and return flow. The effect of gravity is studied. The results show that the shear-thinning effect significantly influences the flow stability, such as the critical parameters, perturbation mode, and the instability mechanism.
For linear flow, which has no viscosity stratification, the flow only yields an anisotropic disturbance stress tensor. The shear-thinning effect leads to a destabilization at small and moderate Pr e while the stability is increased slightly at large Pr e . Comparing with Newtonian fluid, the propagation angle of oblique wave increases for n = 0.7. However, the case for n = 0.3 is opposite, and the preferred modes changes from upstream to downstream.
For return flow, the viscosity stratification makes perturbation kinetic energy concentrate near the surface. The flow is stabilized when the surface viscosity is used for the definition of Marangoni number and Prandtl number. The preferred mode becomes the streamwise wave at large Pr, while the propagation angle of oblique wave increases at small Pr. The temperature perturbation at moderate Pr has hot spots at the bottom, which absorb energy from the horizontal convection and heat the interface by conduction. Energy analysis shows that the work done by the perturbation stress τ 13 is increased significantly by shear-thinning effect for most of Pr.
In the presence of gravity, the vertical gradients of velocity and temperature in basic flow increase and more kinds of preferred modes are excited. For large Pr, the work done by gravity is negligible for the perturbation energy. The preferred mode changes from upstream to downstream, while the streamlines near the hot spot changes from counterclockwise to clockwise. However, for small Pr, the gravity becomes an important perturbation energy source.
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APPENDIX: THE DERIVATION OF BASIC FLOWS
The form of basic flow (2.9) is substituted into the momentum equation (2.5) . Then the following equations are derived:
− ∂p ∂z + ∂τ 13 ∂x + Bo·T = 0.
As the velocity is assumed to be a function of z,
Therefore,
For linear flow, u = (z, 0, 0), thus τ 13 is homogeneous in z, which can only be satisfied when Bo = 0. For return flow, the two constants C 1 , C 2 can be derived numerically with two conditions: the shear stress τ 13 | z=1 = 1 and the return flow condition (2.11). Then, the strain-rate and velocity of basic flow can be obtained numerically. Substituting (2.9) into (2.6), the temperature of basic flow must satisfy
This equation can be solved with the boundary conditions of temperature.
